The sticking of product material to injection molding tools is a serious problem, which reduces productivity and reliability. Depositing alloy nitride coatings (TiN, ZrN, CrN, and TiAlCrN) using closed field unbalanced magnetron sputter ion plating and electrodeposition of chromium, and characterizing their surface free energies in the temperature range 20-120 C have led to the development of a non-sticking (with a low surface free energy) coating system for semiconductor IC packaging molding dies. The contact angles of water, diiodomethane and ethylene glycol on the coated surfaces were measured at temperatures in the range 20-120 C using a Dataphysics OCA-20 contact angle analyzer. The surface free energy of the coatings and their components (dispersion and polar) were calculated using the Owens-Wendt geometric mean approach. The surface roughness of these coatings were investigated by atomic force microscopy (AFM). The adhesion force of these coatings were measured using direct tensile pull-off test apparatus. The experimental results revealed that TiAlCrN, CrN and ZrN coatings outperformed Hard-Cr and TiN coatings in terms of anti-adhesion, and thus have the potential as working layers for injection molding industrial equipment, especially in semiconductor IC packaging molding applications.
Introduction
Ceramic thin films are commonly utilized as protective coatings to improve the lifetimes of tools and components. Alloy nitride coatings have attracted interest because of their high hardness, high thermal stability, and good performance in corrosive environments. [1] [2] [3] [4] [5] These coatings can be applied to injection molding components. 6) In particular, injection molding dies must be non-sticking (have a low surface free energy). The surface free energy of these coatings is very important in semiconductor IC packaging molding applications. The mold-release capability is directly related to the surface free energy of the coating surface and the product material, so in the IC molding packaging process, the packaging material (Epoxy Molding Compound, EMC) capturing the microcircuit cures and adheres to the surface of the packaging tools. Three hours are required for cleaning the surface of the packaging tools after the packaging system has been operating for 24 hours. Heavy sticking can cause IC molding packaging to fail. Accordingly, longer service life and higher productivity are economic necessities. Developing new coating materials with low surface free energies, that have the potential to improve performance of the tools has become extremely important. Packaging dies are generally protected using hard-chromium electroplating techniques. Environmental concern and the ever-increasing design complexity of integrated circuits have led to the need for new coating materials for the next generation of packaging dies. Alloy nitride coatings can be deposited by plasma vapor deposition as a hard chromium replacement because of their advanced wear resistance, high oxidation resistance and antiadhesion characteristics (low surface free energy). 7, 8) The closed field unbalanced magnetron sputter ion plating (CFUBMSIP) for the deposition of high-quality alloy nitride films has been shown to be very effective. [9] [10] [11] [12] The technique mainly reduces the loss of electrons from the discharge to the chamber walls, increasing the resulting ionisation in the discharge and the ion current density at a biased substrate. 11, 13) However, only little has been published on the surface free energy of alloy nitride thin films deposited using CFUBMSIP at various temperatures. This investigation elucidates the effect of surface temperature on the surface free energy of TiN, ZrN, CrN, TiAlCrN and Hard-Cr coatings at temperatures between 20 and 120 C. The surface roughness of the coatings is compared. The adhesion force of the coatings were measured using direct tensile pull-off test apparatus. This work has potential relevance in terms of design and injection molding industrial equipment operation.
Experimental Procedure
Alloy nitride coatings (TiN, CrN, ZrN, and TiAlCrN) were produced by closed field unbalanced magnetron sputter ion plating (CFUBMSIP) using elemental metal targets, as shown in Fig. 1 . Ti, Cr, Zr, and Al target materials were employed as metal sources and nitrogen was launched at the same time to produce alloy nitride coatings. All films were deposited on commercial steel M2 substrate (HRC 62, prepolished). The substrate was placed in an ultrasonic bath in acetone for 15 min and then placed in a hot air dryer to remove the residual solvent. The substrate was then placed on a sample holder for coating. In all of these cases, the substrates were Ar plasma ion cleaned using pulsed DC bias before deposition. Nitrogen was introduced into the chamber after the initial Ti interlayer was deposited to produce the TiN coating. The initial interlayers of the CrN, ZrN and TiAlCrN coatings were Cr, Zr and CrN, respectively. Further details concerning production of these coatings can be found elsewhere. [9] [10] [11] [12] The hard chromium coating on the polished steel M2 substrate was deposited using a solution containing 250 gL À1 chromic acid and 2.5 gL À1 sulfuric acid, with a catalyst at 52-60 C and a current density of 15 Adm À2 . The contact angles were determined using the sessile drop method using a Dataphysics OCA-20 contact angle analyzer. This instrument has a CCD video camera and a temperaturecontrolled environmental chamber. The digital drop image was processed and both the left and the right contact angles were calculated from the shape of the drop to an accuracy of AE0:1
. Three test liquids were employed as probes for the surface free energy calculations. These were distilled water, diiodomethane and ethylene glycol. The liquids were selected to cover the broadest possible range from highly polar (water) to almost completely dispersion (diiodomethane). The surface tension of distilled water between 20-95 C was estimated using the following equation. 
where T( C) is the distilled water temperature. The surface tension of diiodomethane between 20-120 C was estimated using the following equation. 14)
where T( C) represents the temperature of diiodomethane. The surface tension of ethylene glycol between 20-120 C was obtained using the following equation.
14)
where T( C) is the temperature of ethylene glycol. For all three test liquids, the surface tension components at various temperatures were estimated by assuming that the test liquid surface tension and its components decreased at the same rate as the temperature increased. Table 1 shows the data for the surface tension and its tension components for the test liquids at temperatures from 20 to 120 C. The surface free energy of solids can be obtained by measuring the contact angles of liquids whose surface tensions are known. This measurement method is based on Young's equation, which expresses the condition for equilibrium at a solid-liquid interface 15) (Fig. 2) .
where L is the experimentally determined surface tension of the liquid; is the contact angle; S is the surface free energy of the solid and SL is the solid-liquid interfacial energy. SL must be estimated to yield the solid surface free energy S . According to Fowkes, the total surface free energy of a material can be split into two components: a dispersion component and a non-dispersion component. The first component results from the molecular interactions due to London forces and the second is due to all of the non-London forces:
Owens and Wendt extended the Fowkes ideas and proposed. A geometric mean approach to combine the dispersion and non-dispersion (polar) interactions and the following expression for SL was proposed
Combining eq. (6) with eq. (4) yields
The contact angle of at least two liquids with known surface tension components ð L ; The roughness of the coatings were characterized by atomic force microscopy (AFM) in the tapping mode. The root-mean-square (RMS) surface roughness was evaluated over an area of 2 Â 2 mm.
The adhesion strength was measured using direct tensile pull-off test apparatus in order to determine the force required for detaching epoxy molding compound (EMC) from coated steel 16) (Fig. 3) . The adhesion area is a circular type, with a diameter of 28.68 mm. are discussed in terms of the SFE. In general, one can say that a larger contact angle value implies lower SFE. The contact angles yielded the surface free energy of the samples and their dispersion and polar components by the Owens-Wendt geometric mean approach.
Results and Discussion

Contact angles
Surface free energy
The adhesion energy of epoxy molding compound (EMC) to coated tools can be expressed in terms of the amount of energy per unit area required to remove the EMC cleanly from the surface of the film. The above condition is consistent with the Dupre equation:
where the energy of adhesion (W Ad ) is directly related to the surface free energy of the two adjacent phases A (coating) and B (EMC). Therefore, lower adhesion (anti-adhesion) corresponds to lower surface free energy. Surface free energy arises from the unbalance of the forces between atoms or molecules at the surface. Several types of van der Waals interactions contribute to SFE. In particular, the polar component results from these different intermolecular forces due to permanent and induced dipoles and hydrogen bonding, whereas the dispersion component of surface free energy is due to instantaneous dipole moments, like the Coulomb interaction between an electron and the nuclei in two molecules. 18 ) Figure 4 displays the total surface free energy (SFE) and its components for the coatings at a surface temperature of 20 C, calculated using the Owens-Wendt geometric mean approach in Table 2 . The surface free energy of these coatings is composed of a high dispersion component and a low polar component. Their total SFE ranges from 43.2 to 63.2 mJ m À2 . The magnitude of total SFE follows the relationship, TiAlCrN < CrN < ZrN < Hard-Cr < TiN. Coatings with low surface free energy are needed to meet the ever-increasing demands of the IC package molding industry. In this study, the lowest total SFE at 20 had the highest total SFE of around 63.2 mJ m À2 . In practice, many factor affect the actual SFE. These include components, roughness, structure, temperature and others. 19) The above results clearly demonstrate that the type of element target determines the surface free energy of the films deposited using the CFUBMSIP system. Figures 5(a) , (b) and (c) show the effects of surface temperature on the total SFE, and its components for alloy nitride coatings prepared from various targets (Ti, Zr, Cr, and Al) and Hard-Cr coating. The results revealed that most of the SFE coating components decreased as the surface temperature increased, because water is known to be a highly polar molecule, and so it forms hydrogen bond. When the surface of the coatings is heated, the heat energy first disrupts the hydrogen bonds and then makes the water molecules move faster until they eventually vaporize. Conversely, when water is cooled, more hydrogen bonds form and the coatings have high surface free energy. Another reason for the SFE dropped with increasing surface temperature is that the SFE S is a function of the surface internal energy U S , the temperature T, and the surface entropy S S :
Effect of temperature on the surface free energy
The surface free energy falls as the temperature increases, according to the above equation. For semiconductor IC packaging molding applications, creating a higher temperature environment will reduce the EMC sticking effect on packaging dies.
Surface roughness
The surface roughness of specimens were studied over a nano-scale area using an atomic force microscope (AFM) with a silicon tip as the probe.
21) The AFM is based on the interaction between the probe tip and the surface. A water layer is present on the sample surface in humid air. When the cantilever tip approaches the sample surface, the van der Waals force starts to act upon it. A constant oscillation amplitude is maintained by maintaining the same signal level proportional to the oscillation amplitude. This signal indicates the degree of roughness (RMS). It can be used as another surface free energy measurement signal. The relationship between roughness and surface free energy S can be expressed as a function of the constant adhesion forcẽ F F C at the AFM tip and the surface roughness (R rms ):
where W is the average work done by the adhesion force vector on the surface as the tip of AFM moves the displacement vectorr r i . The adhesion forceF F i was indicated by multiplying the height (the displacement vector) using the spring constant of the tip. The tip height (RMS) measurement just before release from contact with the sample surface. The work increments for various points are summed. N is the number of samples. The surface free energy increases with increasing surface roughness, according to the above equation. Figure 6 shows the RMS surface roughness of the coatings determined by AFM. The results indicate that the RMS roughness ranges from 6.69 to 10.55 nm. The CrN film has the lowest RMS roughness, reaching as low as 6.69 nm. The ZrN film has the highest RMS roughness approximately 10.55 nm. The second lowest RMS roughness of the TiAlCrN film is about 7.79 nm. A lower RMS roughness implies a lower surface free energy. 
